Abstract Wastewater reuse in arid regions is important for the production of a water resource to be utilised for non-potable purposes and to prevent the environmental transmission of disease-causing agents. This study was conducted to evaluate the effect of water quality on the comparative disinfection efficiency of viruses, bacteria and spores by UV irradiation. Furthermore, the microbial quality of effluent produced by coagulation, high rate filtration (HRF) and either UV irradiation or chlorination was determined. Using low pressure collimated beam, a UV dose of 80 mWs/cm 2 was needed to achieve a 3-log 10 inactivation of either rotavirus SA-11 or coliphage MS2, whereas over 5-log 10 inactivation of E. coli was reached with a dose of only 20 mWs/cm 2 . B. subtilis inactivation was found to be linear up to a dose of 40 mWs/cm 2 and then a tailing up to a UV dose of 120 mWs/cm 2 was observed. It is worth noting that effluent turbidity of , 5 NTU did not influence the inactivation efficiency of UV irradiation. Operation of a pilot plant to treat secondary effluent by coagulation, HRF and UV disinfection at a UV dose of 80 mWs/cm 2 resulted in the production of high quality effluent in compliance with the Israel standards for unrestricted irrigation (, 10 CFU/100 mL faecal coliform and turbidity of , 5 NTU). Sulphite reducing clostridia (SRC) were found to be more resistant than coliphages and F coliform for UV irradiation. The results of this study indicated that UV disinfection is suitable for the production of effluents for unrestricted irrigation of food crops.
Introduction
Wastewater reclamation for reuse purposes is practised in many Mediterranean countries suffering from water shortages. Wastewater reuse is based on providing reliable treatment of wastewater to meet strict water quality requirements for the intended reuse application and for protecting public health. Physical and microbiological standards are used to assess the suitability of reclaimed water for the specific application. The major concerns for water reuse are the elimination of enteric viruses and emerging bacterial and protozoan pathogens from the wastewater effluents. The standards for unrestricted wastewater reuse for crop irrigation, set in 1999 in Israel, are based on high rate filtration and chlorination. Previous studies have shown that protozoan parasites, Cryptosporidium and Giardia, and enteric viruses are resistant to the chlorine concentrations used for water and effluent disinfection (Carpenter et al., 1999) . Moreover, chlorine disinfection of water results in the production of toxic substances (Trussell, 1993) .
Since 1998, many papers have been published to confirm that UV irradiation is extremely effective in treating Cryptosporidium and Giardia. These studies used infectivity studies to evaluate the disinfection efficiency of UV (Buhkari et al., 1999) . These results, combined with the fact that UV irradiation is a broad spectrum disinfectant for viruses and bacteria with no formation of disinfection byproducts, encouraged many utilities to consider UV as an alternative disinfectant (Sakamoto et al., 2001) . As compared to chlorine disinfection, UV dose response is not affected by UV absorbance, temperature and pH (US EPA, 2003) . This study was conducted to evaluate the effect of water quality on the comparative disinfection efficiency of viruses, bacteria and spores by UV irradiation. Furthermore, the microbial quality of effluent produced by coagulation, high rate filtration (HRF) and either UV irradiation or chlorination was determined.
Materials and methods
Test microorganisms -cultivation and enumeration E. coli strain K13 was maintained in the laboratory by passage on mFC selective agar and cultivated to a high concentration in nutrient broth (APHA, 1999) . E. coli strain K13 and endogenous faecal coliforms in wastewater effluents were enumerated on mFC. E. coli K13 was also used for cultivation and enumeration of MS-2 coliphage and endogenous coliphages of wastewater effluents (Nasser et al., 2000) . Enumeration of sulphite reducing clostridia (SRC) in secondary effluent and tertiary treated effluent was accomplished by membrane filtration, placing the membrane on sulphite polymyxin sulfadiazine agar and then incubating under anaerobic conditions at 37 8C (Angelotti et al., 1962) . Production of B. subtilis spores was obtained by incubating a culture for 7 d at 37 8C in a shaking water bath. The percentage of the spores in the culture was determined by exposure to 70 8C for 15 min. B. subtilis enumeration was performed on tryptone agar.
Simian SA-11 rotavirus was cultivated and enumerated in a continuous cell line of foetal rhesus monkey kidney (MA-104) cells in the presence of 2 mg/mL trypsin (Nasser et al., 1991) . Rotavirus enumeration was accomplished by monitoring the development of cytopathic effect of the infected culture and quantified by the MPN method (Hurley and Roscoe, 1983) .
UV irradiation efficiency for tertiary effluent production in pilot plant
The wastewater treatment plant of Natanya (36,000 m 3 /d) was used as the study site. The pilot plant, consisting of two high rates filters (15 m/h), was operated in parallel with or without poly-aluminum chloride (PAC) to evaluate the effect of flocculation on the physical quality of the produced effluent. Filtered effluent was then disinfected by either chlorine or UV irradiation. The pilot plant was fed with activated sludge treated secondary effluent. The effluents produced at various stages in the pilot plant were monitored for physical (turbidity, total suspended solids (TSS), particle size distribution (PDS) $ 2 mm and UV transmittance) and microbiological parameters (faecal coliform, SRC and coliphages).
Studies in collimated beam
The effect of effluent quality on the comparative inactivation of the test microorganisms by UV irradiation was evaluated using a low pressure collimated beam apparatus (WEDECO). The effect of water quality on the disinfection efficiency was evaluated using secondary effluent, coagulated and filtered secondary effluent and distilled water. The UV intensity was constant at 1.2 mW/cm 2 . To 40 mL of the test water, 1 mL of 10 5 210 6 CFU (E. coli and B. subtilis) or PFU (MS2 and SA-11) of the test microorganism was seeded and stirred for 1 min and then irradiated for different times. Samples were either analysed immediately (E. coli and B. subtilis) or stored at 220 8C for later analysis (MS2 and SA-11). Log inactivation was calculated by converting the microorganism concentration to log 10 and then subtracting the concentration at test time from the concentration at time 0.
Results and discussion
Effect of effluent quality on UV inactivation efficiency
The average turbidity of the secondary effluent was 4.98 NTU. Coagulation and filtration of the secondary effluent removed 80% of the turbidity (1.06 NTU). The UV transmittance of the secondary effluent was 45-70%, whereas the UV transmittance of the coagulated filtered effluent was 56 -79%. Figures 1-3 present the results of the inactivation of MS2 coliphages, rotavirus SA-11, B. subtilis and E. coli in distilled water, filtered coagulated secondary effluent and secondary effluent treated by various doses of UV irradiation, respectively.
E. coli was found to be the most sensitive to LP UV irradiation. A dose of 20 mWs/cm 2 was sufficient to inactivate . 5-log 10 E. coli in distilled water. To accomplish similar inactivation of B. subtilis, a UV dose of 40 mWs/cm 2 was required. The inactivation of B. subtilis by UV irradiation was shown to be bi-phasic where a 5-log 10 inactivation was reached with the sensitive population after exposure to 40 mWs/cm 2 . However, the resistant population required ,120 mWs/cm 2 to reach complete inactivation. This tailing behaviour could have been the result of either aggregation or/and the presence of two bacterial populations. A UV dose of 80 mWs/cm 2 was required to produce 4-log 10 inactivation of MS2 coliphage and rotavirus SA-11. A tailing inactivation behaviour was also observed with rotavirus SA-11, which could have resulted from either viral aggregation or/and the presence of two populations of viral particles. The same UV inactivation pattern of the test microorganisms was observed in secondary effluent and coagulated filtered effluents. It seemed that effluent turbidity at the levels evaluated in this study (, 5 NTU) did not influence the inactivation efficiency of the tested microorganisms by LP UV irradiation. These results are in agreement with data reported by Passantino and Malley (2001) , who found that source water turbidity , 10 NTU did not impact the UV dose-response of separately added microorganisms. It is important to emphasise that the impact of turbidity on the UV dose response is restricted to light scattering by particles. The effect of the association of test microorganisms with particles on the UV disinfection efficiency can be evaluated with seeded microorganisms. The collimated beam results suggested the unsuitability of E. coli as a surrogate for UV inactivation of bacterial and viral pathogens. Therefore, a more suitable indicator microorganism should be used to monitor the disinfection efficiency of pathogenic microorganisms in wastewater effluents by UV irradiation.
Tertiary treatment in PP: UV irradiation and chlorination
Effluent coagulation and high rate filtration resulted in the removal of turbidity as expressed by particle count or turbidity. A reduction of ,91.45% was observed for particles of 5-10 mm (1,351.4-115.52 counts/mL), followed by 88.97% for size range 10 -15 mm (297.6 -32.84 counts/mL) and 80.55% for size range 3 -5 mm (3,331.4-647.82 counts/mL) ( Table 1) .
The particle size distribution analysis was found to be more sensitive than turbidity determination to measure the removal of particles by high rate filtration. Coagulation coupled with high rate filtration (HRF) was found to be essential for the efficient removal of small size particles with an efficiency of up to 45% greater than high rate filtration (HRF) for size range 2-5 mm. The difference between HRF and coagulation coupled with HRF was negligible for size range 15 -100 mm (data not shown).
Operating PP with 1 -2 mg/L PAC and a UV dose of 60 -80 mWs/cm 2 produced effluent of high quality in compliance with the Israel standard for unrestricted wastewater reuse for crop irrigation (, 10 CFU/100 mL of faecal coliform and a turbidity of , 5 NTU). All tested samples of effluent treated by coagulation, HRF and UV irradiation resulted in a faecal coliform concentration of , 10 CFU/100 mL, whereas on two occasions the values of faecal coliform in effluent disinfected by chlorine (4 mg/L) exceeded this value (Table 2) . Endogenous coliphages were reduced below the detection limit in coagulation and HRF effluent disinfected either by UV or by chlorination. The concentration of coliphages in secondary effluent was .3 orders of magnitude lower than that of faecal coliform. The results of faecal coliform and coliphages were in agreement with the results observed in the CB studies, where an inactivation level of 6-log 10 was observed for faecal coliform at a UV dose of 20 mWs/cm 2 and . 4-log 10 for MS2 coliphage at a UV dose of 80 mWs/cm 2 . SRC were found to be more resistant than faecal coliform for UV irradiation. The residual concentration of SRC in coagulated and HRF effluent disinfected by UV irradiation ranged between 4-150 CFU/100 mL, although the concentration of SRC in secondary effluent was by 2-3 orders of magnitude lower than that of faecal coliform. SRC were found to be more sensitive to chlorine than to UV irradiation and in most chlorine disinfected samples their concentration was below the detection limit.
The UV dose (80 mWs/cm 2 ) applied in the pilot study was sufficient to produce effluent suitable for unrestricted irrigation according to the Israeli standard. In a study to evaluate the suitability of C. perfringens as surrogate of enteroviruses by UV disinfection, Simpson et al. (2003) reported that enterovirus concentrations were maintained at the limit of detection at a maximum concentration of C. perfringens spores of 200 MPN/100 mL and the UV dose required to achieve such level of inactivation was found to be 75 mWs/cm 2 . The researchers suggested that this UV dose is intended to reduce high levels of enteric viruses in wastewater effluents. The guideline for wastewater reclamation in California requires a turbidity of ,2 NTU and total coliform of # 2.2 CFU/100 mL and 4-log 10 inactivation of poliovirus. To make sure that these values are achieved, the average operational UV dose required is 140 mWs/cm 2 (Sakamato et al., 2001 ).
Damage to bacterial DNA caused by UV irradiation may be repaired by either photoreactivation or dark repair (Knudson, 1985) . However, viruses need the host enzymes to repair the UV damage; moreover Cryptosporidium and Giardia do not regain infectivity after inactivation by UV light (Shin et al., 2001; Linden et al., 2002) . Bacterial DNA repair was demonstrated at low UV doses; studies are needed to evaluate the repair potential at this higher dose range used in the pilot studies. The result of this study indicated that treatment of secondary effluent by coagulated and HRF followed by UV irradiation with an 80 mWs/cm 2 dose will produce effluent of high microbial quality in compliance with the most stringent wastewater regulations. Therefore, UV is an efficient safe disinfection technique which provides an alternative to chemical disinfection.
Conclusions
Secondary effluent treated by coagulation, HRF and UV irradiation (80 mWs/cm 2 )
produced high microbial quality effluent suitable for unrestricted reuse for irrigating food crops in compliance with reuse standards in Israel (faecal coliform ,10 CFU/100 mL and turbidity of , 5 NTU). Turbidity of , 5 NTU did not seem to affect the UV disinfection efficiency. UV doses generated by CB studies for the disinfection of highly resistant viruses and spores were suitable for full scale operation.
